Commercial kaolin from a Polish deposit has been examined as a low-cost adsorbent for effluent remediation using five cationic and five anionic industrial dyes. Methylene Blue dye was also used as a reference. The anionic dyes studied showed no affinity towards the kaolin surface, whereas the experimental isotherms for the adsorption of the cationic dyes could all be well described by the Langmuir equation. The values of the adsorption capacity of kaolin towards the cationic dyes ranged from 4 mg/g to 29 mg/g, being probably dependent on the geometry of the dye molecules. The resulting degrees of decolourization attained values of 85-90% for initial dye concentrations in the range 6-20 mg/dm 3 and for kaolin loadings of 0.5-3 g/dm 3 . Adsorption of the cationic dyes onto kaolin increased at higher solution pH values.
INTRODUCTION
Adsorption techniques are very convenient and efficient for the removal of dyes from industrial effluents. During the past decades, many investigations have been performed exploring the use of low-cost materials as alternatives for activated carbon, which is the most effective but still expensive commercial adsorbent. In this respect, many waste materials originating from urban, industrial, agricultural and forestry processes, e.g. fly ash, activated sludge biomass, crop husks, wood and leaf powders and fibres, chitin and chitosan (Robinson et al. 2001; Bhattacharyya and Sharma 2005; Crini 2006; Ncibi et al. 2006; Filipkowska 2006; Hamissa et al. 2007 ) have been examined to date. All the materials mentioned did not require complex preparation and their adsorption capacities were sufficiently high to consider them as replacements for commercial materials.
Another important group of low-cost adsorbents includes dispersed minerals such as kaolinite, bentonite and diatomite (Robinson et al. 2001; Crini 2006; Chang and Juang 2004; Wang et al. 2006; Harris et al. 2001; Ghosh and Bhattacharyya 2002; Tahir and Rauf 2006) . Kaolinites belong to the class of 1:1 layered silicates in which the tetrahedral silica sheets are bound with octahedral aluminium oxide/hydroxide layer sheets by means of hydrogen bonds. Usually kaolinite particles consist of stacks of ca. 50 sheets of such twin layers. Kaolin is known to adsorb ions and neutral molecules in two ways: (i) by ion exchange at the permanent negatively charged sites originating from the replacement of Si(IV) atoms by Al(III) atoms in the tetrahedral sheets or (ii) through the formation of surface complexes with both Al-OH and Si-OH groups located at the layer edges. Kaolin clays may be applied for the removal of both inorganic (Wang et al. 2006 ) and organic (Harris et al. 2001 ) compounds from aqueous solutions. Kaolinites of different origin may differ in their adsorption properties because of differences in their chemical compositions, crystalline structures and the purification procedures employed. For example, the adsorption of Methylene Blue dye has been found to be 14 mg/g on raw kaolin and 15.6 mg/g on kaolin washed with hydrogen peroxide (Ghosh and Bhattacharyya 2002) . The adsorption of dyes onto kaolin also depends on the ionic charge carried by the dye molecule. Thus, cationic dyes have been reported to exhibit improved adsorption onto acid-activated kaolin relative to anionic dyes (Harris et al. 2001) .
The literature data on the sorption ability of kaolin towards dyes are mainly concerned with those used in the analytical, pharmaceutical and cosmetic industries (Harris et al. 2001; Ghosh and Bhattacharyya 2002) . On the other hand, many dyes (anionic, cationic, Direct and Reactive) are used industrially for textiles, wool, leather, paper, etc. The work described herein was concerned with the adsorption of industrial dyes onto commercially available kaolin, with the aim of decolourizing industrial wastewaters.
MATERIALS AND METHODS
Ten commercial dyes obtained from Boruta-Kolor (Zgierz, Poland) and Methylene Blue from Fluka Chemie AG (Buchs, Switzerland) have been used in the present study. The structural formulae for these various dyes are depicted in Figure 1 , while their characteristics are listed in Table 1 .
Commercial kaolin KOM manufactured by Surmin-Kaolin (Nowogrodziec, Poland) was used as the adsorbent. According to the producer, the mineral employed contains the following components: 51.5% SiO 2 , 34.5% Al 2 O 3 , 0.63% K 2 O, 0.54% TiO 2 , 0.53% Fe 2 O 3 as well as small quantities of Ca, Mg, Na and Mn oxides. The dimensions of 99% of the particles did not exceed 15 µm, while the pH of their dispersion in water was 6. XRD measurements (Seifert diffractometer, Cu Kα line) indicated that the procedures employed for industrial purification had not damaged the crystalline structure of the kaolin structure ( Figure 2 , trace K). The specific surface of the kaolin was determined using a Gemini 2360 surface area analyzer (Micromeritics Instrument Co., Norcross, GA, U.S.A.) and shown to be 32 m 2 /g by the BET method.
The cation-exchange properties of kaolin were evaluated via acidimetric titrations. Thus, nitrogen gas was bubbled for 20 min with continuous stirring through a suspension of 16 g of kaolin in 400 cm 3 of 0.1 M NaCl background electrolyte, following which the suspension was titrated with 0.1 M HCl under a nitrogen atmosphere. The pH values were determined using a CP-505 (Elmetron, Poland) pH meter equipped with an ERH-11 combined glass electrode (Hydromet, Poland). The hydrogen ion uptake was calculated by mass balance between the quantity of hydrogen ions added to the suspension and that measured according to a blank titration.
All the adsorption experiments were performed at room temperature in magnetically stirred 500 cm 3 Erlenmeyer flasks loaded known quantities of kaolin and dye solution. The suspension samples (4 cm 3 ) were centrifuged at 6000 rpm for 5 min, following which the dye concentrations were determined spectrophotometrically employing a Spekol 11 spectrophotometer (Analytik, Jena, Germany) at the corresponding maximum wavelengths (Table 1) . Preliminary kinetic measurements were undertaken employing suspensions consisting of 0.1 g kaolin in 400 cm 3 dye solution of known concentrations. These measurements revealed that the adsorption of the cationic dyes onto the kaolin surface was very rapid, with equilibrium concentrations being attained within 10 min ( Figure 3 ). Thus, in subsequent studies, the lengths of the adsorption experiments were extended to 60 min to ensure that adsorption equilibrium had been achieved. Table 1 ).
For anionic dyes, since no further adsorption was noted after 40 min (Figure 3) , the appropriate equilibrium time was set at 120 min in these cases. The adsorption isotherms were determined using 200 cm 3 of dye solutions with initial concentrations within the range 6-20 mg/dm 3 and kaolin samples of variable masses. The adsorption values, a (mg/g), were calculated from the difference between the initial dye concentration and that at equilibrium employing the relationship:
where C 0 and C eq (mg/dm 3 ) denote the initial and equilibrium concentrations of the dye, respectively, V (dm 3 ) is the volume of the dye solution volume and m (g) is the adsorbent mass employed.
The experimental adsorption isotherms obtained in this study could be described by the Langmuir equation:
Values of the parameters a m (monolayer adsorption capacity) and K L (Langmuir constant) were determined from the linear dependence of a plot of C eq /a versus C eq employing the least-squares method. As a measure of the decolourization degree of the samples, the adsorption efficiency, W (%), was determined from the expression: 
RESULTS AND DISCUSSION

Adsorption isotherms
The adsorption isotherms obtained depicted in Figure 4 clearly demonstrate that the experimental data for the adsorption of the cationic dyes studied were well fitted by the Langmuir equation plots. The values of the correlation parameter r 2 were all very close to 1 (Table 2) , thereby confirming the very good fit obtained. The fact that all the isotherms obtained conformed to the Langmuir type suggests that the dyes were adsorbed as monomolecular layers. This conclusion is also supported by the good agreement between the results obtained from the application of two methods for determining the specific surface area. Thus, assuming that the area occupied by a Table 2. single Methylene Blue molecule is equal to 135 × 10 -20 m 2 (Helmy et al. 1998) , that its molecular mass is 320 g/mol (Table 1) and that its adsorption capacity is 12.9 mg/g (Table 2) , the specific surface area of the kaolin was estimated as 32.2 m 2 /g. This value is very close to that obtained from the BET measurements (32.0 m 2 /g). Both the parameters a m and K L had quite high numerical values (Table 2) , thereby indicating that the kaolin surface had both a good adsorption capacity and a strong adsorption affinity towards cationic dyes. The measured value of the adsorption capacity of kaolin towards Methylene Blue (MB) dye (12.9 mg/g) was close to that of 14 mg/g determined by Ghosh and Bhattacharyya (2002) . However, Harris et al. (2001) have reported a higher adsorption capacity for kaolin towards MB dye (i.e. 33 mg/g). This discrepancy may be explained by the fact that acidactivated kaolin was used as an adsorbent by Harris et al.
The kaolin employed in the present study was incapable of adsorbing the anionic dyes considered. Figure 4(a) shows a typical isotherm obtained in the present work for the adsorption of AR18 dye onto kaolin. The results depicted contradict those published by Harris et al. (2001) who have reported adsorption capacities towards anionic dyes in the range 5-8.6 mg/g. It is possible that this difference in adsorption resulted from the different procedures used by Surmin-Kaolin, Poland (who produced the kaolin used in this study) and Ajax Chemicals, Australia (whose kaolin was used by Harris et al.) . The kaolin employed in the present work was milled and then washed solely with water (Surmin-Kaolin 2007), whereas in the work reported by Harris et al. (2001) the kaolin was clearly described as being acid-activated.
Adsorption mechanism
The experimental data obtained are in good agreement with current knowledge on the adsorption properties of kaolin. Kaolin particles suspended in aqueous media carry a constant negative charge arising from isomorphous substitution. For this reason, cationic species are attracted to the sorbent surface via electrostatic forces and are adsorbed much better than anionic ones. Since the particle charge is quite small (Hu and Liu 2003) , this inhibits the formation of multiple adsorbed layers. Indeed, the occurrence of monolayer adsorption may be inferred from the fact that the isotherms obtained are of the Langmuir type (Figure 4) . The nature of the kaolin surface after adsorption is also confirmed by the XRD data reported. Thus, the diffractograms of kaolin after adsorption were identical to those for kaolin before adsorption (Figure 2 ). This means that the studied dyes did not intercalate into the interlayer spaces of the kaolin structure and were immobilized only on the particle surfaces. Taking account of the ionic charges carried by the dye molecules ( Figure 1) and their corresponding molar masses (Table 1) , it would not have been unreasonable to assume that their dye monolayer capacities would have been similar. However, the data recorded in Table 2 indicate that the values of the adsorption capacities for the various dyes studied were quite different. Apparently, the geometries of the various dye molecules also play a role in the adsorption process. Indeed, the data from Figure 1 and Table 2 suggest that dyes with a linear molecular structure (BB41, MB) exhibit superior adsorption behaviour on the kaolin surface. It is possible that dyes with branched structures (BV3, BG4) are unable to pack tightly on the surface due to steric hindrance.
The adsorption sites on a kaolin surface are known to be quite heterogeneous (Hu and Liu 2003; Tahani et al. 1996) . The most effective adsorption sites are silanol and aluminol groups located on the broken edge faces; these can occupy 20-40% of the overall surface area depending on the chemical/mechanical treatment of the raw kaolinite. Apparently, the studied adsorption process occurred mainly via electrostatic attraction followed by complexation with aluminol and silanol groups. Ion exchange played a rather minor role in the dye adsorption mechanism as may be inferred from the quite small hydrogen ion-exchange capacity of the kaolin studied ( Figure 5 ). The hydrogen ion capacity was estimated as being 3 mequiv/kg at a pH of 4.24 -the minimum pH value recorded for the dye solutions studied (Table 2 ). It will be noted from this table that the hydrogen ion capacity of kaolin was lower than its adsorption capacities towards the dyes in question. This means that ion exchange made only a partial contribution towards the dye sorption process. Such an inference is also supported by the observation that the values of the solution pH did not change substantially during the adsorption process ( Table 2) .
The extent to which aluminol and silanol groups are ionized is dependent on the solution pH. Thus, in alkaline solution, the exposed OH groups become deprotonated with a resulting increase in the negative charge on the sorbent. In contrast, in acid solutions all the hydroxy groups are protonated and occupied by H 3 O + ions competing with other cations for the active sites. In agreement with these considerations, the adsorption of the cationic dyes onto kaolin increased considerably as the solution pH increased (Figure 6 ). Such a dependence on pH is quite typical for the adsorption of cationic dyes (Bhattacharyya and Sharma 2005; Harris et al. 2001; Ghosh and Bhattacharyya 2002; Kannan and Sundaram 2001) .
Decolourization efficiency
The efficiencies with which cationic dye solutions were decolourized by kaolin are depicted in Figure 7 . The highest extent of decolourization (> 95%) was observed for BB41 and MB dyes at relatively low mass loadings of kaolin (1 and 2 g/dm 3 , respectively). The adsorption efficiencies towards BY28 and BR46 from aqueous solutions with the same initial concentrations (20 mg/dm 3 ) were slightly greater than 85% for kaolin loadings of ca. 2 and 3 g/dm 3 , respectively. Comparable degrees of decolourization (ca. 85%) were attained for BG4 and BV3 when their initial solution concentrations were reduced to 10 and 6 mg/dm 3 , respectively. 
